The emergence of time-resolved fluorescence techniques has been very important to the study of biochemical, biophysical and biomedical research areas.
The time-resolved instrumentation in the LFD exploits the principle of the harmonic response. The exciting source is amplitude modulated (in a sinusoidal wave) at a prescribed frequency; typically, in the 1-500 MHz range to match the fluorescence lifetime of the sample. After excitation, the fluorescence signal is emitted with an amplitude modulation at the same frequency as the exciting light. However, due to the short, but finite lifetime of the fluorescence event, the fluorescence signal is phase shifted and amplitude demodulated relative to the exciting light. The frequency (0 dependent relationships between phase shift (4) and amplitude demodulation (m) form the basis for the experimental determination of the fluorescence lifetime ('c):
where .o = 2it f. A frequency sweep ensures detection of both fast and slow fluorescence lifetime components in heterogeneously emitting samples. Algorithms for analysis of complex lifetime decay schemes are available, based on a variety of exponential and distributed functions, and they are extensively discussed in the literature [1] . Experimentally, the relatively high frequency (typically 1-500 MHz) modulated fluorescence signal is converted to a lower frequency (typically in the Hertz region) through a heterodyning (cross-correlation) process in the detector. [2] Heterodyning retains the phase shift and amplitude demodulation information of the high frequency signal in the low frequency carrier. This frequency conversion step, with full retention of time-resolved information, is important because it allows electronic signal processing at an easily accessible frequency range [3, 4] , that is also compatible with the slower read out speeds of cameras, charge coupled devices (CCD) and other (multichannel) detectors.
2.

Results and Discussion
A superheterodyning microwave phase fluorometer with femtosecond resolution.
In most modern time-resolved fluorometers, the pulsed laser (or synchrotron) sources can provide about a 10 GHz bandwidth in the excitation beam [5] , but the light detector typically limits the bandwidth of the instrument. We have previously discussed how a heterodyning process in photomultiplier tubes, accomplished by injecting a radio frequency at the second dynode frequency converts the detector's signal to a low frequency of operation [3] . In the photomultiplier detector, this process effectively increases the anode bandwidth to roughly match that of the cathode. A new class of detectors, termed microchannel plate (MCP) photomultipliers (e.g.
Hamamatsu R25664-O1), is characterized by a high frequency response in excess of 10 GHz with diminished sensitivity in higher frequency regions. For MCP detectors, the anode bandwidth is essentially the same as the cathode and signal processing occurs directly at the output. The output of the MCP is first DC/AC split, and then subsequently amplified and connected to a ultra-wide band mixer, which provides for frequency conversion. The frequency translation occurs in two steps. The first step heterodynes the high frequency signal to an intermediate value of approximately 100 KHz, which is convenient for intermediate amplification and signal conditioning by ceramic high Q filters characterized by a bandwidth of a few KHz. The accuracy of the microwave local oscillator need only be a few KHz. The second frequency translation step heterodynes the 100 KHz down to 40 Hz, which is a convenient frequency for averaging and digital signal processing. This superheterodyning method substantially reduces the noise of the MCP output, thereby increasing the overall signal to noise. By independently controlling the AC and DC signal levels, it is not necessary to match these signal levels, which is important in accurately determining the demodulation level. A typical, laser-based, fluorometer employing this design is shown in Figure 1 . In this design, there is a sample and a second reference channel (photodiode detector), which is characterized by high intensity. The reference channel in this configuration provides a phase locked loop and acts as a self-tracking filter. The phase locked loop automatically tracks frequency variations in the difference between the laser repetition rate and the frequency synthesizer, thereby providing a stable and exact output of 40 Hz. The instrument presented in Figure 1 has a flat frequency response to about 4 GHz offers high sensitivity and is immune from synthesizer phase noise [6] . Recently, it has been used to study the photophysics of hemoglobin intrinsic fluorescence [7] . Optical Multichannel Analyzer (OMA)
The instrument schematically presented in Figure 1 can also be configured with an optical multichannel analyzer (OMA) for signal detection. The advantage offered by the OMA is the simultaneous acquisition of the emission spectrum by a linear diode array and the wavelength resolved dependence of the phase shift and demodulation across the spectrum. A polychromator spatially disperses the wavelength dependent emission signal and after passing through the OMA each diode accumulates a given bandpass. The OMA detector (Princeton Instruments; IRY 512 GIRB) consists of a photocathode followed by a gatable, proximity-focused microchannel plate (MCP) image intensifier, which is optically coupled to a 512 element diode array ( Figure 2 ). We have modified the OMA for use in time resolved frequency-domain fluorometry by biasing the photocathode voltage, injecting a radio frequency sinusoidal voltage at the cathode and effectively varying the gain of the image intensifier [8] . This heterodyning step at the image intensifier translates the high frequency fluorescence signal to a low frequency. The bandwidth of the phosphor is approximately 1 KHz, effectively acting as a high frequency filter. The low frequency carrier is set at 7.5 Hz. The diodes are sampled at a read rate of 60 Mz and thus a waveform period is described by eight data points. This instrument configuration is capable of providing lifetime resolved spectra, as shown in Figure 3 .
Fluorescence lifetime resolved microscopy
The frequency domain optical multichannel analyzer provides fluorescence lifetime information across a linear (wavelength) array. Extending this frequency domain concept to a two dimensional detector, such as a fast scan charge coupled device (CCD) camera, yields a time-resolved detector capable of fluorescence lifetime resolved microscopy. In fluorescence microscopy, the fluorescence signal emanating (Zeiss Axiovert 35). The fluorescence signal is detected by a gain modulated, dual stage microchannel plate (MCP) detector (ITT type F4144), which is the two dimensional analog of the linear array described in the previous section about the OMA. The MCP is again the mixing stage in the heterodyning stage. It is modulated at a frequency (o.) equal to the laser excitation frequency, plus a small carrier cross correlation frequency (Lo), chosen at 7 Hz. We modulate the MCP up to 300 MHz, by providing a 50 v sinusoidal signal at its photocathode. This mode of operation degrades the spatial resolution of the MCP some what, but signal averaging and spatial correction algorithms reduce this difficulty [9] rotational dynamics of the enzyme [13] . Other applications involve determinations of orientational order parameters in membranes, the orientational distributions [14] . The linked global analysis methods are also powerful in analyzing excited state reactions and energy transfer. For example, models now exist for treating rotating donors and acceptors in fluorescence resonance energy transfer [15] . The extensive linking capabilities, including function and table linking, are capable of handling extremely data rich experiments, such as the time resolved spectra of Figure 3 . In this experiment, the time evolution of the fluorescence spectrum of the environmentally sensitive probe Laurdan is presented. The Laurdan is dispersed in a phospholipid bilayer (DLPC) in a fluid physical state [16] . Many other examples of the application of global analysis methods to problems in biophysics, such as photon migration analysis [17] , are emerging.
Conclusions
